The goal of the current study was to determine the roles of ATP content, endoplasmic reticulum (ER) Ca 2+ stores, cytosolic free Ca 2+ (Ca 2+ f ) and calpain activity in the signaling of rabbit renal proximal tubular (RPT) cell death (oncosis). Increasing concentrations (0.3 ± 10 mM) of the mitochondrial inhibitor antimycin A produced rapid ATP depletion that correlated to a rapid and sustained increase in Ca 
Introduction
An initial effect of ischemia, hypoxia, or mitochondrial inhibition is the prevention of ATP production. When ATP production falls, protein kinases are unable to phosphorylate phosphoproteins and ATP-dependent ion transporters are inhibited. Further, the loss of oxidative phosphorylation and ATP depletion results in either oncotic (necrotic, rapid) or apoptotic (delayed) cell death, depending on the level of glycolytic ATP production. For example, in cultured mouse renal proximal tubules (RPT), Lieberthal et al. 1 determined that an 85% reduction in ATP levels was required to switch the mechanism of cell death from apoptosis to oncosis. RPT have low glycolytic activity and are very susceptible to ischemiaand toxicant-induced oncosis.
Many studies suggest that increases in cytosolic free Ca 2+ (Ca 2+ f ) mediate oncosis following anoxia/hypoxia and chemical exposure. For example, studies using concurrent measurement of Ca 2+ f and cell viability revealed that increases in Ca 2+ f occur prior to plasma membrane damage. 2, 3 In addition, decreasing the extracellular Ca 2+ concentration reduced the release of lactate dehydrogenase (LDH), a marker of cell death and membrane damage, from rabbit RPT subjected to anoxia or mitochondrial inhibition and rat RPT subjected to hypoxia. 4 ± 6 Further, chelation of intracellular Ca 2+ prevented extracellular Ca 2+ uptake and cell death in mitochondrial inhibitor-exposed RPT. 7 Finally, evidence supporting a role for Ca 2+ in cell injury comes from the observed cytoprotection of Ca 2+ channel blockers in renal cell models subjected to anoxia or hypoxia. 6 ± 8 These studies support an important role for Ca 2+ in cell death and suggest that a rise in Ca 2+ f occurs before extracellular Ca 2+ influx. The endoplasmic reticulum (ER) contains the largest intracellular store of Ca 2+ and is replenished by a highaffinity, low-capacity Ca 2+ -ATPase uptake system (SER-CA). 9, 10 Physiological release of ER Ca 2+ results from phospholipase C-mediated inositol trisphosphate (IP3) formation and its subsequent binding to IP3 receptors on the ER. 10 In many cells, depletion of ER Ca 2+ stores triggers extracellular Ca 2+ entry, resulting in a rise in Ca toxicants. 7, 20, 21 However, there is limited data demonstrating increased calpain activity during cell injury and death. Edelstein et al. 16 reported an increase in calpain activity in rat RPT subjected to anoxia and Bronk and Gores 13 reported an increase in calpain-like protease activity in rat hepatocytes subjected to anoxia. However, increases in calpain activity have not been examined in relation to increases in Ca 2+ f during cell injury and death. The pathway in Figure 1 f occurred within 10 s after exposure to thapsigargin or cyclopiazonic acid, resulting in similar peak Ca 2+ f levels (184+7 nM baseline to 275+20 and 292+13 nM, respectively) before returning to the baseline level (30 s after addition) (Figure 2A,B) . Both agents produced similar rises and decays in Ca 2+ f (Figure 2A,B) . To test whether the ER Ca 2+ store was completely depleted by 5 mM thapsigargin or 100 mM cyclopiazonic acid, two experiments were performed. In the first, the agents were added again 1 min following the first exposure to thapsigargin. The second addition of thapsigargin or cyclopiazonic acid did not result in a second peak, indicating ER Ca 2+ depletion (data not shown). (Figure 2 ). Antimycin A blocks the electron transport chain and has been used as a model of anoxia (i.e. chemical anoxia). 24 Antimycin A caused a concentration-dependent (0.3 ± 10 mM) increase in Ca 2+ f levels, resulting in a sustained peak by 90 s ( Figure  3A ,B). Ca 2+ f measurements taken 15 and 30 min after addition of 10 mM antimycin A revealed that the initial increases in Ca 2+ f were sustained (data not shown).
Effect of antimycin A exposure on ATP levels
Experiments were conducted to determine the concentrationand time-dependent effects of antimycin A on ATP levels in RPT. Within 60 s of addition, antimycin A decreased ATP levels by 90% or greater at all concentrations used (0.3 ± 10 mM) ( Figure 4A ). Time course experiments revealed that 10 mM antimycin A decreased ATP levels 89% within 30 s and 97% within 2 min ( Figure 4B ). The antimycin A-induced ATP depletion and increase in Ca The phospholipase C (PLC)-inositol phosphate pathway is a major Ca 2+ signaling mechanism in cells. 25 Activation of PLC triggers the production of IP 3 , the binding of IP 3 to IP 3 receptors on the ER and the release of ER Ca 2+ . U73122 has been used in a number of cell types to inhibit PLC. 26 
Effect of thapsigargin and antimycin A on calpain activity
To determine whether ER Ca 2+ release can increase calpain activity, thapsigargin was added to RPT and calpain substrate hydrolysis measured. Thapsigargin 5 mM induced a significant increase in substrate hydrolysis within 2 min of addition, indicating that ER Ca 2+ release increases calpain activity ( Figure 6A ). Antimycin A increased calpain activity numerically in a concentration-dependent manner with 10 mM antimycin A increasing calpain activity 25% in the first 2 min after its addition, in the same time frame as the ER Ca 2+ release. (Figure 6B ). Inhibition of calpain activity with calpain inhibitor 1 (300 mM) prevented the antimycin A-induced increase in calpain activity (data not shown).
Effect of ER Ca 2+ depletion on antimycin A-and TFEC-induced cell death
A preliminary study demonstrated that thapsigargin-induced ER Ca 2+ release prior to antimycin A exposure blocked RPTC cell death. 12 Additional experiments were conducted to further characterize the ER Ca 2+ depletion and cell death induced by antimycin A and TFEC. Treatment of RPT with 10 mM antimycin A for 30 min resulted in an increase in LDH release ( Figure 7A) . A 5-min pretreatment with 5 mM thapsigargin or Calcium release mediates cell death JF Harriman et al 100 mM cyclopiazonic acid prevented antimycin A-induced LDH release. Thapsigargin and cyclopiazonic acid pretreatment also decreased LDH release induced by a 3 h exposure to TFEC ( Figure 7B ). To document that the cytoprotective effect required ER Ca 2+ depletion prior to toxicant exposure, thapsigargin was added after antimycin A or TFEC and LDH release measured. The addition of thapsigargin 15 min after antimycin A or 1 h after TFEC had no effect on antimycin A-or TFEC-induced LDH release (Figure 7 ).
Discussion

Increases in Ca 2+
f have been demonstrated to play a critical role during oncosis in numerous models. For example, a study using concurrent measurement of Ca 2+ f and cell viability with propidium iodide revealed that increases in Ca 2+ f occur prior to plasma membrane damage in hypoxia-treated RPT. 3 In addition, in RPT exposed to antimycin A for 30 7, 20, 21 These studies resulted in the model illustrated in Figure 1 .
In the first series of experiments, antimycin A produced a rapid and sustained increase in Ca 30 The data in the present manuscript suggest that store operated Ca 2+ entry may occur to a limited degree in freshly-isolated rabbit RPT upon ER Ca 2+ store depletion with thapsigargin, but does not occur during antimycin A-induced cell injury and death. These findings indicate the absence of store operated Ca 2+ entry during injury and support prior evidence demonstrating an ATP requirement for store operated Ca 2+ entry. 33 In the second series of experiments we determined whether the antimycin A-induced ER Ca 2+ release was the result of ATP depletion or PLC/IP 3 pathway. Pretreatment with the phospholipase C inhibitor U73122 had no effect on the antimycin A-induced Ca 2+ f increase, suggesting that the PLC/IP 3 pathway is not responsible for the observed ER Ca 2+ release. However, antimycin A produced a rapid fall in ATP levels in the time frame of ER Ca 2+ release. Within 1 min ATP depletion was 96% in RPT treated with 10 mM antimycin A. This degree of ATP depletion corresponds to an intracellular ATP concentration of approximately 150 mM (using the data in Figure 4 and an intracellular water volume of 2.4 ml/mg protein). Since the reported K m for ATP on the ER Ca 2+ -ATPase is 50 ± 300 mM, 34 f and calpain activity. The increase in calpain activity following thapsigargin exposure does not cause oncosis because ATP levels are maintained. Calpains have a number of substrates, including cytoskeletal proteins, which may mediate the cell injury/death process. The identification of these substrates is the next step in understanding the mechanism of oncosis.
We extended our previous findings 12 and determined whether ER Ca 2+ depletion protects RPT from TFEC toxicity. TFEC is a nephrotoxicant that is metabolized in RPT to a reactive electrophile that is capable of binding to nucleophiles and producing oncosis. 35 Pretreatments with thapsigargin or CPA were protective against antimycin Aand TFEC-induced cell death. However, thapsigargin did not alter LDH release if given after the initial exposure to the toxicants. Since oncosis produced by diverse mechanisms (reactive electrophile, mitochondrial inhibition, hypoxia) is blocked by ER Ca 2+ depletion, ER Ca 2+ signaling appears to be critical for oncosis.
From these data, we suggest that during ischemic/toxicant induced injury, rapid ATP depletion results in ER Ca 
Materials and Methods
Reagents
Antimycin A, dimethylsulfoxide, thapsigargin and cyclopiazonic acid were purchased from Sigma Chemical Co. (St. Louis, MO, USA). U73122 and Fura-PE3-2AM were obtained from Biomol (Plymouth Meeting, PA, USA) and TEFLABS (Austin, TX, USA), respectively. Tetrafluoroethyl-L-cysteine (TFEC) was synthesized according to the method of Moore and Green 36 and was a gift from Dr. Edward A Lock (Zeneca, Cheshire, UK). The sources of the remaining chemicals have been reported previously 37, 38 or were obtained from Sigma Chemical Co. All glassware was silanized and autoclaved prior to use. All media were sterilized by filtering prior to use.
Preparation and incubation of RPT
Rabbit RPT were isolated and purified by the method of Rodeheaver et al. 37 and suspended in an incubation buffer containing 1 mM alanine, 4 mM dextrose, 2 mM heptanoate, 4 mM lactate, 5 mM malate, 115 mM NaCl, 15 mM NaHCO 3 , 5 mM KCl, 2 mM NaH 2 PO 4 , 1 mM MgSO 4 , 1 mM CaCl 2 and 10 mM HEPES (pH 7.4, 295 mOsm/kg). RPT suspensions (2 mg cellular protein/ml) were incubated at 378C in an orbital shaking water bath (180 r.p.m.) under 95% air/5% CO 2 (40 ml/min flow rate). All experiments contained a 15-min preincubation period prior to any experimental manipulations.
Measurement of Ca
2+ f
RPT suspensions were incubated with 2 mM Fura-PE3-2AM and 0.1% pluronic acid for 60 min at 258C. Fura-PE3-2AM resists the rapid leakage and compartmentalization seen with Fura-2AM, yet has similar spectral properties. 39, 40 RPT were washed and resuspended in 378C incubation buffer. Ca 2+ f was measured with a Hitachi F2000 spectrofluorometer (Hitachi Instruments, Danbury, CT, USA) equipped with a magnetic stirrer and a thermostatic cell holder (378C). Following a 30 s equilibration period, baseline readings were obtained for 30 s. Antimycin A (0.3 ± 10 mM), thapsigargin (5 mM), cyclopiazonic acid (100 mM), or the diluent (dimethylsulfoxide, 50.5% of total volume) was added and Ca 2+ f was monitored for 2 min. For calibration, EGTA (1 mM) was added to correct for any extracellular Fura-PE3-2AM. After adding back CaCl 2 (2 mM), maximum and minimum fluorescence were determined using Triton X-100 (0.2%) followed by the Ca 2+ chelator EGTA (20 mM). Readings were taken every 0.5 s and fluorescence measurements were made by alternating excitation wavelengths between 340 and 380 nm with continuous monitoring of emission at 510 nm. Ca 2+ f levels were determined using the following formula: [Ca 2+ ] f =K d (R-R min )/(R max -R)6(F min(380) /F max(380) ) 41 , where K d =290 nM, R=the fluorescence emission ratio at 340 nm: 380 nm excitation and (F min(380) /F max(380) ) is the ratio of minimum to maximum fluorescent intensity measured at 380 nm. For Mn 2+ quench experiments, Mn 2+ (50 mM) was added prior to antimycin A. Fluorescence was measured at the excitation wavelength of 360 nm and emission at 510 nm to achieve Ca 2+ -independent fluorescence. 29 
Biochemical assays
Release of LDH into the medium was used as a marker of cell death as described previously. 42 ATP levels were analyzed by reverse-phase high performance liquid chromatography as described previously. 37 Cellular calpain activity was measured as described previously 21 with the following modifications. Baseline calpain activity was determined for 15 min after substrate (SLLVY-AMC) addition. Antimycin A or thapsigargin was then added and additional readings taken for the next two min. Calpain activity is reported as a percentage of the control linear change in fluorescence.
Statistics
Data are presented as means+s.e.m. of at least three experiments. RPT suspensions isolated from one rabbit represent a separate experiment (N of 1). Data were analyzed by ANOVA and multiple means compared using Student-Newman-Keuls test with P50.05 indicating significance.
